METHODS

Studies and subjects
Peri/postnatal Epigenetic Twins Study (PETS)
The PETS is an Australian twin birth cohort aiming to study the plasticity of epigenetic marks during the intrauterine period and in early childhood. 1 
Brisbane Systems Genetic Study (BSGS)
The BSGS is an Australian study of twin families comprising adolescent twins, their siblings and their parents recruited into an ongoing study of the genetic and environmental factors influencing pigmented nevi and cognition. 2 614 participants of European descent who had HM450 DNA methylation data were included in this analysis. The study was approved by the Human Research Ethics Committee of the Queensland Institute for Medical Research. Written informed consent was obtained.
Korean Healthy Twin Study (KHTS)
The KHTS is a study of twin families aiming to examine genetic and environmental factors underlying complex human diseases and traits in Korea. 3 Adult (30 years or older) same-sex twin pairs and their first-degree relatives were recruited. Questionnaire surveys were administered and biological specimens including blood were collected. 97 families were selected based on body mass index (BMI) or smoking status for DNA methylation research. 382 participants were included in this analysis. This study was approved by the Institutional Review Board of Samsung Medical Centre and Busan Paik Hospital. All participants provided written informed consent.
Australian Mammographic Density Twins and Sisters Study (AMDTSS)
The AMDTSS is a twin family study conducted in Australia aiming to study mammographic density. 
Multiple Tissue Human Expression Resource (MuTHER) Study
The MuTHER is a study of middle-aged females, including 386 twin pairs and 84 singletons of European descent recruited through the TwinsUK Adult Twin Registry. 5 Punch biopsies (8mm) were taken from a photo-protected area adjacent and inferior to the umbilicus. Subcutaneous adipose tissue was dissected from each biopsy, weighted and immediately stored in liquid nitrogen. 246 twin pairs who had HM450 DNA methylation data were included in this analysis. The study was approved by the Research Ethics Committee of St. Thomas' Hospital, London. All participants provided written informed consent.
Older Australian Twins Study (OATS)
The OATS is a longitudinal, multi-centre study of twins aged 65 years and older that commenced in 2007 investigating healthy brain ageing. 6 Participants living in the three eastern states of Australia were administered a comprehensive face-to-face assessment including demographic, psychiatric, according to the manufacturer's instructions. Twins from the same pair were processed in parallel. Raw intensity data were background corrected and methylation beta-values were generated using the R minfi package. 8 Data were pre-processed using the Illumina method within minfi and subset-quantile withinarray normalization (SWAN) 9 was performed for combined normalization of Infinium type I and type II probes. Probes were removed if the average detection P value >0.001 in one or more samples, and/or on the sex chromosomes. Samples were excluded according to the average detection P value >0.05, poor bisulfite conversion efficiency and/or hierarchical clustering plots. See Martino et al. 10 for more details. Details for the methylation data in cord blood mononuclear cells measured by the HM27 assay can be found in Gordon et al. 11 The datasets were obtained from Gene Expression Omnibus with the accession numbers GSE42700 and GSE36642.
BSGS DNA was extracted from peripheral blood lymphocytes by the salt precipitation method. 12 Samples were randomly placed with respect to the chip they were measured on and to the position on that chip while the same analytic tools and methods were applied. The R package RnBeads 15 was applied to extract DNA methylation values across >485,000 CpG sites. For the quality control of the DNA methylation data, a series of probe and sample filtering steps were followed: probes mapping to sex chromosomes, associated with SNPs and/or out of CpG context were removed, and CpG probes and samples were filtered at detection P value of 0.01. The beta mixture quantile dilation (BMIQ) method 16 was used for normalization.
AMDTSS DNA was extracted from dried blood spots stored on Guthrie cards using a method developed inhouse. 17 DNA was sodium bisulfite converted using the EZ DNA Methylation-Gold protocol as per manufacturers' instructions (Zymo Research, Irvine, CA) and eluted in 20 µl elution buffer. DNA samples extracted from members of the same family were assayed on the same chip. Raw intensity data was processed by Bioconductor minfi package, 8 which included normalization of data using Illumina's reference factor-based normalization methods (preprocessIllumina) and the SWAN method 9 for type I and II probe bias correction. An empirical Bayes batch-effects removal method ComBat 18 was applied to minimise the technical variation across batches. Probes with detection P value >0.01 were assigned as missing. Probes with missing value in one or more samples were excluded, as were samples with >5% missing probes. See Li et al. 19 for more details. Probes that failed in at least one individual and that were not reported by the GenomeStudio software were discarded. The signal intensities for the methylated and unmethylated states were then quantile normalized for each probe type separately, and beta-values were calculated with R 2.12.0. See Grundberg et al. 5 for more details. The dataset was obtained from the ArrayExpress with the accession number E-MTAB-1866.
OATS
The data was generated at two respective experiments (experiment I and II). DNA was extracted from peripheral blood samples using either the Qiagen Autopure or a proteinase K method. Samples (cotwins) were randomised across the arrays. Raw intensity data were background corrected and methylation beta-values were generated using the R minfi package. 8 The SWAN method 9 was performed for type I and II probe bias correction. Probes not detected in all samples were removed, as were probes containing SNPs and probes on the sex chromosomes.
MCCS
Samples in each case-control sub-study were processed separately during non-overlapping periods of time over a two-year period in the same laboratory with the same protocol. For the included 43 spouse pairs, DNA was extracted from peripheral blood samples collected at baseline, prior to any diagnosis of cancer, either from buffy coats (3%), lymphocytes (27%) or dried blood spots stored on Guthrie card (70%). Bisulfite conversion was performed using Zymo Gold single tube kit (EZ DNA MethylationGold kit, Zymo Research, CA, USA) according to the manufacturer's instructions. In order to minimize potential batch effects, matched cases and controls in each study were processed together and run on the same BeadChip and cancer subtypes were evenly distributed across the plates/chips. The same data pre-processing procedure was applied to each case-control sub-study, respectively. Raw intensity data was processed by Bioconductor minfi package, 8 which included normalization of data using Illumina's reference factor-based normalization methods (preprocessIllumina) and the SWAN method 9 for type I and II probe bias correction. Samples were excluded if >5% CpG probes (excluding chrX and chrY probes) had a detection P value >0.01, which were regarded as probes with 'missing value', while probes were excluded from further analysis if they had missing values for one or more samples.
ComBat 18 was applied to the data from all samples across sub-studies to minimise the influence of chip effects. Beta-values after ComBat were used. See Severi et al. 20 and Wong et al. 21 for more details.
Statistical methods
Two-stage adjustment on GWAM
Within each study, we performed a two-stage adjustment on GWAM to minimize batch effects and to adjust for the effects of covariates. In the first stage, we applied the ComBat method 18 or a linear mixed effects model (Supplementary Table 1) . ComBat was performed at the probe level during data processing. The linear mixed effects model was fitted on GWAM with technical covariates as random effects. The residuals of the model were added to the mean of GWAM to give a 'batch-adjusted' GWAM. In the second stage, a linear regression model was used to adjust the 'batch-adjusted' GWAM for age, sex and study design or sampling factors (Supplementary Table 1 ).
Sensitivity analyses
Several sensitivity analyses were performed to examine the robustness of results to adjustment for cell mixture and to CpG selections. For study with methylation data from whole blood, proportions of monocytes, B cells, natural killers, CD4+ T cells, CD+8 T cells and granulocytes were estimated from the DNA methylation data using a reference-based method 22 by each study independently. For the PETS, the percentage of buccal epithelial cells was estimated using the "Buccal-Cell-Signature" 23 . For the MuTHER, a reference-free method 24 was used, and the dimension of the latent variable (i.e., number of cell types) was estimated to be one, using the function EstDimRMT () from R package isva which applies random matrix theory 25 . Therefore, no cell mixture was adjusted for the MuTHER. In each study, familial correlations in GWAM additionally adjusted for associated cell type proportions were estimated. In the BSGS, the reference-based method 24 was also used to estimate cell mixture, and similar familial correlations were found (data not shown). GWAM based on other CpGs were also analysed: 1) using 271,785 CpGs common to the seven studies; 2) removing potential noisy probes: probes overlapping SNPs within 10 bp of the interrogated CpG, with documented SNPs at the target CpG and non-specific probes. 13 According to Illumina's annotation file, the average methylation levels across CpGs located in gene body and promoter were calculated and analysed.
Familial correlation modelling
For twin and sibling pairs whose cohabitation history was not known, we assumed for simplicity that children live with other family members from birth until age 18 years, based on evidence from a previous study. 26 In the BSGS, only 2.5% of offspring were older than 18 years, so we assumed all offspring had been living with the other family members. We assumed spouse pairs have been living together since marriage. Under this assumption, family members in the PETS and BSGS lived together, and in the other studies lived apart (except spouse pairs) unless we had information to the contrary.
We fitted a model in which the pair correlation converges or diverges exponentially with cohabitation history. We estimated parameters and (0 ≤ ≤ 1, and ≥ 0) for twin pairs such that
and parameters and (0 ≤ ≤ 1, and ≥ 0) for other pairs of family members such that
The definition of t and t0 depend on the relationship between i and j: 1) for twin pairs, t = age of twins;
2) for sibling pairs, t = age of the younger sibling and t0 = age of the younger sibling when the older sibling was 18 years old; 3) for parent-offspring pairs, t = age of the offspring and t0 = 18 years; and 4) for spouse pairs, t = time since the pair was married and t0 = the time when the pair might have become ).
In equation (1), ij = when t = , therefore is the correlation for twin pairs in old age, i.e. when they have lived separately for a long time. ij = when t = 0, therefore is the correlation for twin pairs at birth. Similarly,  in equation (2) is the correlation for other family members at the beginning of cohabitation, and in equation (2) is the correlation for other family members who have lived together for a long time. According to definition, statistical inferences for andare one-sided.
Variance component analysis
We assumed that the residual variance can be partitioned into four variance components: A 2 , the effects of additive genetic factorsT 2 , the effects of environmental factors shared by twins alone and assumed to be shared to the same extent within MZ and DZ pairs; C 2 , the effects of environmental factors shared by all family members (including twins) and assumed to be shared to the same extent within all pairs;
and E 2 , the effects of individual-specific environmental factors and measurement error. Under such assumption, the covariance is A 2 + T 2 + C 2 for MZ pairs, 0.5 × A 2 + T 2 + C 2 for DZ pairs, 0.5 × A 2 + C 2 for sibling pairs and for parent-offspring pairs, and C 2 for spouse pairs. According to the relationship between the familial correlation and cohabitation history, we modelled
in which 0 ≤ ≤ 1 and ≥ 0, and
in which 0 ≤ ≤ 1 and ≥ 0.
In this model,
According to definition, statistical inferences for andare one-sided. 
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